These authors contributed equally to this work Purpose: Circular RNA (circRNA) is involved in the development of various cancers. However, whether circRNA can inhibit the tumorigenesis of non-small cell lung cancer (NSCLC) is still unclear. We aimed to explore the epigenetic function of tumor-suppressive circRNA (hsa_circ_RNA_0011780) and its downstream regulatory factors in NSCLC. Patients and Methods: Quantitative polymerase chain reaction (qPCR) was used to evaluate hsa_circ_11780 expression in NSCLC tissues and cell lines. The impact of high hsa_circ_11780 expression on overall survival in patients with NSCLC was tested using the Log rank test. The association between decreased hsa_circ_11780 expression and clinicopathological features in patients with NSCLC was analyzed using the Chi-squared test. In vitro cell proliferation and apoptosis were assayed using the cell counting kit-8 (CCK-8) and flow cytometry, respectively. Mice xenograft models were used to determine the tumor promoting effects of hsa_circ_11780 on NSCLC in vivo. The underlying regulatory mechanism was predicted by bioinformatics and verified by a dual-luciferase reporter assay, RNA transfection, qPCR, and Western blotting. The correlation between miR-544a and hsa_-circ_11780 expression was verified using Spearman correlation coefficient. Results: The expression of hsa_circ_11780 in NSCLC tissues and cell lines strongly declined. Low hsa_circ_11780 expression is more likely to present in patients with a large tumor size (>3cm), distant metastasis, and poor overall survival. hsa_circ_11780 overexpression strongly inhibited proliferation, migration, and invasion of NSCLC cells (H226 and A549) in vitro and inhibited tumor growth in vivo. Furthermore, hsa_circ_11780 repressed miR-544a function by competitively binding to the complementary sites of miR-544a. miR-544a released by the declining expression of hsa_circ_11780 reduced the protein concentration of F-Box and WD repeat domain containing 7 (FBXW7) in NSCLC cells. Conclusion: FBXW7 expression mediated by the hsa_circ_11780/miR-544a axis is markedly associated with the proliferation, migration, and invasion of NSCLC, resulting in decreased survival. These findings suggest that this regulatory axis may serve as a novel therapeutic target in NSCLC.
Introduction
Lung cancer ranks first in both cancer incidence and cancer-related mortality globally. 1 Two histological subtypes, adenocarcinoma (51%) and squamous cell carcinoma (30%), mainly constitute non-small cell lung cancer (NSCLC), representing 85% of all lung cancers. 2 Clinically, NSCLC is usually diagnosed in the late stages of disease development, 3 leading to a lack of treatment options and poor prognosis. 4 Although approximately 30% of patients with advanced NSCLC initially respond to chemotherapy and radiotherapy, many experience relapse or metastasis occurrence within 6 to 12 months of treatment. Elevated cell proliferation is common in tumorigenesis and is associated with high recurrence rates and treatment resistance in patients with NSCLC. Genetic studies of the aberrant expression underlying NSCLC development will help us fully understand the tumorigenesis of NSCLC, leading to the identification of promising therapeutic targets that may ameliorate the poor survival rates of patients.
Due to advances in sequencing technology, non-coding RNAs (ncRNAs) are being increasingly identified to be involved in the development of disease. 5, 6 circRNA is an ncRNA with a covalently closed loop that does not have a 5ʹ cap or 3ʹ polyadenylation tail. 7 Studies have shown that circRNA can affect the multiple functions of tumor cells and can be used as a helpful predictor for tumor prognosis. 8 Chen et al reported that circPTN promoted proliferation and maintained stem cell characteristics of glioma cells by increasing SOX9/ITGA5 concentrations by targeting miR-145-5p. 9 The hsa_circ_0035483/miR-335/CCNB1 axis in renal clear cell carcinoma not only promoted autophagy and tumor growth, but also enhanced gemcitabine resistance in tumor cells. 10 In addition, circDENND4C accelerated glycolysis, migration, and invasion of breast cancer cells under hypoxia by competitively sponging miR-200b/200c. 11 Growing evidence suggests that circRNA promotes various biological behaviors in the development of NSCLC, including proliferation, 12 invasion, 13 migration, 13 and chemoresistance. 14 Therefore, studying the important role of circRNA in tumorigenesis may be effective for identifying novel molecular targets to help inhibit the development of NSCLC.
An increasing number of circRNAs have been found to be involved in NSCLC, although few have been found to function as tumor-suppressors. In our investigation, we found hsa_circ_11780 (named consistently with that stated in the circBase ID, http://www.circbase.org) was upregulated in the adjacent tissue rather than in the NSCLC cancerous tissue. hsa_circ_11780, located at chromosome 1:39749737--39793025, can transcribe the mRNA of microfilament microtubule cross-link factor 1 (MACF1). The data from our study identified that hsa_circ_11780 inhibited proliferation, migration, and invasion of NSCLC. This indicates that hsa_-circ_11780 acts as a tumor suppressor. Developing a molecular intervention targeting hsa_circ_11780 and the relevant downstream pathway, could serve as an effective molecular target for improving the prognosis of patients with NSCLC.
Materials and Methods

Patients, Corresponding Tissues and Follow-Up
Totally 93 NSCLC patients, who received no radiotherapy or chemotherapy before hospitalization, were enrolled at the Xuzhou Central Hospital (Xuzhou, Jiangsu, China) from April 2014 to October 2014. All patients were diagnosed by pathology. All corresponding tissues were acquired by biopsy (bronchofiberscope and fine-needle aspiration) or surgery. And subsequent tissues were all rapidly frozen at −80°C. 5-year-follow-up was implemented to attain overall survival. The study was approved by the Ethics Committee of XuZhou Central Hospital. Written informed consent was received from all patients before this study.
RNA Extraction and Quantitative PCR
Based on the manufacturer's protocol, total RNA was extracted from tissues and cultured cells using Trizol solution (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was transcribed to cDNA using SuperScript IV Reverse Transcript (Thermo Fisher Scientific, Waltham, MA, USA). The prepared cDNA was measured by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Then, in accordance with the protocol of kit, quantitative PCR for target RNA in tissues and cells was performed using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) in a 96-well PCR plate on the Applied Biosystems 7500 Sequence Detection system. All expression of target RNA was calculated using the 2 −ΔΔ Ct method with glyceraldehyde-phosphate dehydrogenase (GAPDH) as the endogenous control. All primer sequences this study used are presented in Supplementary  Table SI. Cell Culture RPMI (Roswell Park Memorial Institute) 1640 Medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) was used to culture H226, H520, SK-MES-1, A549, H1975, H1299 and normal human bronchial epithelium cell line BEAS-2B. All of them were in an atmosphere with 5% CO 2 at 
Gene Overexpression and Cells Transfection
For gene overexpression, lentiviral vectors (pcD-ciR vector, Geenseed Biotech, Guangzhou, China) were used to construct hsa_circ_11780 expressing particles (oe-hsa_-circ_11780, hsa_circ_11780 sequence was shown in Supplemental Table SI ). Hsa_circ_11780-cDNA or NC-cDNA (MOI = 20) with polybrene was transfected into H226 and A549. 24h after transfection, a fresh medium replacement was done to the culture medium. Stably transfected cells were selected by puromycin (1 μg/mL). The Puromycin (1 μg/mL, 2-3 times) selection was done until green fluorescence was shown in all cancer cells via the fluorescence microscope (Olympus IX71, Japan).
Proliferation Ability of NSCLC Cells
NSCLC cells were cultured in 96-well plates (2× 10 4 cells/ well) for 5 days. Cell viability was measured every 24h using Cell Counting Kit-8 (CCK-8; Medchembio, USA) according to the manufacturer's instruction. The tested absorbance at each day was collected to calculate the proliferation curves.
Migration Ability and Invasion Ability in NSCLC Cells
Transwell inserts with a polycarbonate membrane (8.0μm pores; Corning, New York, NY, USA) were applied for migration assays. Membranes were additionally coated with Matrigel matrix (BD Biosciences, Franklin, NJ, USA) for invasion assays. After NSCLC was transfected with the expression vector or the vector control 24 hrs later, 200μL medium with tumor cells (5 × 10 5 ) was seeded into the upper chamber, while 600μL medium supplemented 10% fetal bovine serum was added in the lower chamber. Following incubation for 24h (37°C in a 5% CO 2 ), the cells on the upper surface of the polycarbonate membrane were removed. The cells attached to the bottom of the membrane were defined as migrated or invaded. All of those cells were fixed, stained, being counted by the microscope (Leica DM20, Leica Microsystems Inc, Buffalo Grove, IL, USA)
Apoptosis Assay by Flow Cytometry
After 48h culture, the apoptosis analysis of NSCLC cells with oe-NC or oe-Circ was analyzed by the Apoptosis Detection Kits (eBiosciences, Waltham, MA, USA). Antibodies with Annexin V/FITC were incubated with tumor cells (5×10 4 cell) for 30 min. Cells were measured by FACS Calibur Flow Cytometry (BD Biosciences, Franklin, NJ, USA).
Animal Experiment and Tumor Growth in vivo
The animal experiments were approved by the Institutional Animal Ethics Committee of Xuzhou Central Hospital. All the procedures of animal experiments were performed in strict accordance with the Laboratory animal protection, welfare and ethics rules of the Institutional Animal Ethics Committee of Xuzhou Central Hospital. 4-week-old BALB/c-nude mice were purchased from the Laboratory Animal Center of Xuzhou School of Clinical Medicine, fed in an atmosphere with a 12h light/dark cycle under specific pathogen-free conditions. NSCLC cells (2 × 10 5 cells in 100μL) transfected with an expression vector (oe-hsa_circ_11780) or vector control (oe-NC) were respectively incubated subcutaneously into mice (each group n = 5). The tumor sizes of every mouse were collected every week. In the fifth week, tumor weight was measured after the mice were sacrificed.
Dual-Luciferase Reporter Analysis
The wildtype target lncRNA or the one containing a mutant miRNA-binding area were constructed (Invitrogen, Waltham, MA, USA). Both of these lncRNA were cloned with a luciferase gene in reporter vectors (Promega, Madison, WI, USA). The synthetic vectors, Renilla luciferase reporter vector, and miRNA mimic were co-transfected into cells using the Lipofectamine 2000 kit (Thermo Fisher Scientific, Waltham, MA, USA) following the protocol provided by the manufacturer, 48h later cells were seeded into 96-well plates. The luciferase activity of Renilla plasmid (as the endogenic control, Promega, Madison, WI, USA) and target gene was assessed via Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI, USA).
RNA Binding Protein Immunoprecipitation Assay (RIP)
The Imprint ® RNA Immunoprecipitation RIP Kit (Sigma-Aldrich, St. Louis, MO, USA) was used to analyze the interaction between hsa_circ_11780 and miR-544a according to the manufacturer's instruction. Briefly, H226 and A549 cells transfected with miR-544a mimics or miR-NC were cultured 48 h before anti-AGO2 RIP assay. After the tumor cells were lysed by the lysis buffer (RNase inhibitor and protease inhibitor), the suspension was incubated with magnetic beads (conjugated with Ago2 antibody) (Abcam, San Francisco, CA, USA), or negative control IgG. Finally, the antibody binding RNA was identified by RIP-qPCR assay using the respective target primers. 
Western Blotting Assay
Statistics Analysis
All data were analyzed using GraphPad Prism 6 software (San Diego, CA, USA), and presented as the mean ± standard deviation. Comparison between two groups was carried out by Student's t-test. And the correlation between hsa_circ_11780 and miR-544a expression was evaluated via Spearman correlation coefficient. Each experiment was done independently three times. p < 0.05 was defined as a significant difference.
Results
Hsa_circ_11780 Expression Is Highly Related to Superior Survival in NSCLC
By analyzing a microarray dataset (GSE62182) in the Public DataBase (27 pairs of cancer tissues and adjacent normal tissues), we found hsa_circ_11780 declined the most in NSCLC tissues relative to adjacent normal tissues ( Figure 1A ). hsa_circ_11780 expression in 93 patients' 
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tissues (tumor and adjacent normal tissues) was quantified using quantitative reverse transcriptase-polymerase chain reaction (qPCR), to verify the critical role of hsa_circ_11780 in NSCLC development. hsa_circ_11780 expression in NSCLC tissues was lower than that in adjacent normal tissues ( Figure 1B , p < 0.01). Additionally, compared to a normal human bronchial epithelial cell line (BEAS-2B), hsa_circ_11780 expression was significantly decreased in NSCLC cells (H226, H520, SK-MES-1, A549, H1975, and H1299) ( Figure 1C , p < 0.01). Patients with NSCLC were divided into two groups based on the median expression of hsa_circ_11780 (high group, n = 46; low group, n = 47). Clinicopathological analysis (Table 1 ) revealed that the decline in hsa_circ_11780 expression was significantly related to large tumor size (> 3 cm) (p = 0.026), distant metastasis (p = 0.028), and advanced TNM stage (p = 0.023). Based on Kaplan-Meier analysis, a lower expression of hsa_circ_11780 was associated with inferior overall survival ( Figure 1D , p < 0.05). Moreover, after further stratification, the data showed that NSCLC patients with larger tumor nude (≥3cm) exhibited a higher decrease in hsa_circ_11780 expression than those patients with tumor ≤ 3cm ( Figure 1E , p < 0.01). Expression of hsa_circ_11780 was lower in patients with M1 stage than in patients with M0 stage NSCLC ( Figure 1F , p < 0.01). Altogether, our results indicated that hsa_circ_11780 is downregulated in NSCLC tissues, and it demonstrates a tumor-suppressive role in NSCLC.
Hsa_circ_11780 Restrains NSCLC Cell Proliferation, Migration, and Invasion in vitro
To confirm the influence of hsa_circ_11780 on the biological behavior of tumor cells, the expression of hsa_circ_11780 in two cell lines (A549 and H226) was increased by a synthesized lentiviral hsa_circ_11780-overexpressing (oecirc) vector. Quantitative PCR was used to validate overexpression efficiency 48 h after transfection (Figure 2A , p < 0.01). Cell proliferation, measured by CCK8 in NSCLC, was repressed in cells overexpressing hsa_circ_11780 ( Figure 2B and C p < 0.05). Moreover, the percentage of apoptotic cells ( Figure 2D , p < 0.05) increased, while the migration and invasion of tumor cells ( Figure 2E and F, p < 0.05) decreased after the expression of hsa_circ_11780 increased. Therefore, these data suggest that hsa_circ_11780 can mediate the malignant properties (proliferation, migration, and invasion) of NSCLC cells in vitro.
Hsa_circ_11780 Limits NSCLC Tumor Growth in vivo
A549 and H226 cells transfected with oe-circ or oe-NC were inoculated into immune-deficient mice to induce a xenograft tumor model. The results revealed that increased hsa_circ_11780 limited the growth (tumor size, Figure 3A and B, p < 0.05; tumor weight, Figure 3C and D, p < 0.05) of NSCLC tumor nodes, compared to that in vector-control mice. The macroscopic observation of tumor nodes is shown in Figure 3E and F. These results suggest that hsa_circ_11780 dysregulation is involved in NSCLC tumor formation in vivo.
Hsa_circ_11780 Modulates NSCLC Growth by Targeting miR-544a
circRNAs can upregulate target genes by endogenously competing with microRNA (miRNA). Bioinformatics analyses Adenocarcinoma 45 25 20 Note: *p < 0.05 represents statistical difference.
predicted that complementary base within miR-544a may be the direct target for hsa_circ_11780 ( Figure 4A ). Furthermore, assays validated that the luciferase activity of miR-544a was significantly repressed by the wild-type hsa_circ_11780 rather than the mutant form ( Figure 4B and C, p<0.01). Based on an immunoprecipitation assay carried out on NSCLC cells, we also verified that hsa_circ_11780 directly targeted miR-544a ( Figure 4D and E, p<0.01) . Additionally, the expression of miR-544a declined in NSCLC cells transfected with oe-hsa_circ_11780, compared to the oe-NC treated cells ( Figure 4F, p <0 .01). The expression of miR-544a was higher in NSCLC cells (H226, H520, SK-MES-1, A549, H1975, and H1299) than in BEAS-2B ( Figure 4G, p <0.01) . Similarly, miR-544a expression in NSCLC tissues was higher than that in adjacent normal tissues ( Figure 4H , p < 0.01). A negative correlation between hsa_circ_11780 and miR-544a expression levels was found in human NSCLC tissue ( Figure 4I , R2 = −0.4291, p < 0.0001). Collectively, our data suggested that hsa_circ_11780 interacted with miR-544a as a competing endogenous RNA to inhibit their action.
miR-544a Directly Targets FBWX7 in NSCLC Development
Based on bioinformatics analysis using TargetScan, we predicted that FBWX7, which exhibited decreased expression in NSCLC, maybe a downstream target for miR-544a. Their complementary binding relationship ( Figure 5A ) was verified by a luciferase reporter assay ( Figure 5B and C, p <0.01). FBWX7 expression was strongly decreased by miR-544a inhibition in cancer cells transfected with oe-circ, compared to that in vector controls ( Figure 5D and E, p <0.01). Therefore, these results indicate that FBWX7 is an effector protein targeted by the hsa_circ_11780/miR-544a axis in NSCLC.
Discussion
circRNA plays a significant role in numerous physiological processes and pathological progression. 15 Accumulating evidence has confirmed that aberrant expression of circRNA is associated with specific diseases. Abnormally high expression often results in malignant behavior of cancer cells, such as 
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OncoTargets and Therapy 2020:13 proliferation, metastasis, and therapeutic resistance. 15 However, low expression of circRNAs in tumor tissues (compared to adjacent tissues), and its repressing-effect on tumors, has been rarely studied. Researchers have reported that lowexpression of circRNA plays a role in tumor suppression, including lung cancer, 16 colorectal cancer, 17 hepatocellular carcinoma, 18 and breast cancer. 19 circRNA in these diseases can inhibit various pathological processes involved in cancer development, including apoptosis, proliferation, and invasion. 20 In the current study, we identified a novel circRNA named hsa_circ_11780, whose linear-form-mRNA can translate the protein MACF1. We revealed that decreased has_circ_11780 in cancerous tissue, was significantly involved in the proliferation and growth of NSCLC cells both in vitro and in vivo (Figures 2 and 3 ). In addition, we found that lower hsa_circ_11780 expression was a significant indicator for metastasis and poor prognosis of NSCLC (Table 1 & Figure 1 ). Next, we performed a migration and invasion assay in tumor cells and verified the suppressive effect of hsa_circ_11780 ( Figure 2 ). Collectively, our results revealed that hsa_circ_11780 is a promising suppressor for distant metastasis and an indicator of poor survival in patients with NSCLC. Sponging target miRNAs, for post-transcriptional regulation by competitively binding, is a functional property of circRNAs. 21 In our study, we applied bioinformatics analysis to predict the interaction between the hsa_circ_11780 and miR-544a ( Figure 4A ). The luciferase activity of the miR-544a was inhibited by wild-type hsa_circ_11780 but was not inhibited by the mutant form, thus demonstrating the directbinding between them ( Figure 4B and C) . Furthermore, our results showed that hsa_circ_11780 overexpression suppressed the expression of miR-544a in tumor cells ( Figure 5D ). Therefore, since hsa_circ_11780 displayed a tumorsuppressive role and competitive repression of miR-544a, it is clear that miR-miR-544a acts as a significant oncogene for tumor development. In a previous study, upregulated miR-544a was detected in metastatic tumor samples and cell lines of colorectal cancer. 22 Homeobox A10 is vital for the regulatory role of miR-544a in migration and invasion. 22 The boosting function of miR-544a on migration and invasion of gastric cancer cells can be mediated by the degradation and the translocation of β-catenin by modulating the expression of cadherin 1 and Axis inhibition protein 2. 23 An investigation by Lu et al found that miR-544a could counteract cadherin 1 activity, leading to migration and invasion of breast cancer. 24 Our results represent a novel investigation of the important role of the circRNA-miR-544ainteraction in the tumorigenesis of NSCLC.
FBXW7, a tumor-suppressor gene, is a member of the F-box protein family. 25 Mutation and allelic loss of FBXW7 result in tumorigenesis in mice with increased FBXW7 and activated p53. 26 Inactivated FBXW7 often promotes malignant properties in various human cancers. FBXW7 in breast cancer, as an important component of E3 ubiquitin ligase, suppresses cell proliferation by mediating the ubiquitin-regulated degradation of Metadherin. 27 Targeting melanoma antigen A (MAGEA1), FBXW7 is involved in the ubiquitination and degradation of the Notch1 intracellular domain (NICD1), resulting in migration and proliferation of breast and ovarian cancercells. 28 Inactivation of FBXW7 in EGFR-TKI-sensitive cells facilitates gefitinib resistance by strengthening epithelialmesenchymal transition. 29 Increased fbxw7 and decreased skp2, switch stem cells from mitotic division to quiescence in lung adenocarcinoma, by regulating c-myc and p27. 30 miR-367 can maintain the stemness of lung carcinoma by activating the Wnt signal pathway through degradation of FBXW7. 31 Although FBXW7 is believed to be involved in tumor suppression and superior overall survival of patients with lung cancer, 32, 33 few studies have investigated the regulatory upstream function of FBXW7 in NSCLC, particularly the circRNA-miRNA axis. Our study has shown that the hsa_circ_11780-miR-544a axis decreases the intracellular level of NSCLC cells ( Figure 5 ). Collectively, our results suggest that FBXW7 acts as a modulator of the malignant properties of NSCLC cells in the circRNA-miRNA-interaction pathway. In our study, miR-18a behaved as a functional connection between hsa_circ_11780 and FBXW7 expression. hsa_circ_11780 can mediate the expression of FBXW7 by post-transcriptional regulation. However, the specific molecular feedback from FBXW7 to hsa_circ_11780 has not been discussed in our study, and we recognize this as a limitation. An increasing number of reports state that interfering with the transcription of ncRNAs, by binding to their promotor regions, is the main feedback pattern of the downstream functional protein. [34] [35] [36] Zinc finger E-box binding homeobox 1 (ZEB1), which is downstream of the long noncoding RNA (lncRNA) ZEB1 antisense RNA 1(ZEB1-AS)/miR-409-3p, can activate the lncRNA ZEB1-AS expression by binding to its promoter region. 34 lncRNA CASC11 transcription was accelerated when the transcription factor FOXO3 translocated to the promoter of CASC11. 35 A similar positive feedback loop was found in the LINC01296/miR-598/Twist1 axis in NSCLC. 36 These findings indicate that FBXW7 or an FBXW7-related molecule may mediate the transcription of hsa_circ_11780 by functioning as a transcription factor in NSCLC. Nonetheless, this requires further exploration in future studies.
Conclusion
We have demonstrated that a low level of hsa_circ_0011780 expression was associated with the large tumor size, advanced TMN stage, and inferior prognosis of NSCLC. Hsa_circ_0011780 can strongly inhibit the proliferation, migration, and invasion of NSCLC in vitro. Furthermore, FBXW7 expression is mediated by hsa_circ_11780 via complementary binding to miR-544a in NSCLC tumorigenesis. These data suggest that the hsa_circ_0011780/miR-544a/ FBXW7 axis may be a promising therapeutic target for NSCLC.
